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Abstract

Identifying plausible mechanisms for compartmentalization and accumulation of the organic

intermediates of early metabolic cycles in primitive cells has been a major challenge in theo-

ries of life’s origins. Here, we propose a mechanism, where positive membrane potentials

elevate the concentration of the organic intermediates. Positive membrane potentials are

generated by positively charged surfaces of protocell membranes due to accumulation of

transition metals. We find that (i) positive membrane potentials comparable in magnitude to

those of modern cells can increase the concentration of the organic intermediates by several

orders of magnitude; (ii) generation of large membrane potentials destabilize ion distribu-

tions; (iii) violation of electroneutrality is necessary to induce nonzero membrane potentials;

and (iv) violation of electroneutrality enhances osmotic pressure and diminishes reaction

efficiency, resulting in an evolutionary driving force for the formation of lipid membranes,

specialized ion channels, and active transport systems.

Author summary

The building blocks of life are constantly synthesized and broken down through concur-

rent cycles of chemical transformations. Tracing these reactions back 4 billion years to

their origins has been a long-standing goal of evolutionary biology. The first metabolic

cycles at the origin of life must have overcome several obstacles to spontaneously start and

sustain their nonequilibrium states. Notably, maintaining the concentration of organic

intermediates at high levels to support their continued operation and evolution would

have been challenging in abiotic cells lacking evolutionarily tuned lipid membranes and

enzymes. We propose a mechanism, by which the concentrations of organic intermediates

are elevated to drive early metabolic cycles in abiotic cells and demonstrate its feasibility

in a protocell model from first principles.
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Introduction

Metabolism is one of the most fundamental processes of life. At its core, there is a network of

chemical transformations conserved across all domains of life [1]. This core network is deeply

interconnected with the rest of biochemistry [2], so much so that it is hard to imagine a living

system without it. We now have experimental evidence, suggesting that this network has its

roots in a geochemical protometabolism originating in deep-sea hydrothermal vents in the

Hadean ocean [3, 4]. The metabolism-first hypothesis—one of the main paradigms in prebi-

otic chemistry—postulates that before the advent of enzymes or genetic codes, geochemical

reactions must have emerged spontaneously from simple, inorganic materials and been pro-

moted by naturally occurring catalysts [5–9]. Interestingly, key parts of the core network,

including the acetyl-CoA pathway [10, 11], tricarboxylic acid cycle [12–14], glycolysis and pen-

tose phosphate pathway [15, 16], amino-acid and pyrimidine-nucleobase biosynthesis path-

ways [17, 18], and gluconeogenesis [19] have been reproduced non-enzymatically in

laboratory experiments. However, whether a collection of these pathways could have sponta-

neoususly arisen and cooperated in prebiotic cell-like structures to form a self-sustaining pro-

tometabolic network is yet to be demonstrated.

A central challenge concerning the origins of protometabolism is to show that the organic

products of early metabolic pathways could have been produced in sufficiently high concentra-

tions in primitive cells lacking sophisticated machineries of biochemistry, such phospholipid

bilayers, membrane proteins, or enzymes. The concentration of these compounds would have

been set by a balance between two counteracting mass fluxes, namely membrane transport and

reaction rate. The transport rate of organic molecules through porous membranes of primitive

cells would have been significantly higher than through lipid bilayers in modern cells, while

the rates of nonenzymatic reactions would have been much lower than enzymatic counter-

parts. Therefore, maintaining the concentration of organic molecules in primitive cells at levels

comparable to modern organisms would have been difficult, if not impossible.

In this article, we examine the foregoing challenge—referred to as the concentration prob-

lem [20]—more closely by developing a protocell model to understand how the membrane

potential and electroneutrality could have elevated the concentration of the organic intermedi-

ates of early metabolic reactions in primitive cells. Specifically, we seek to answer (i) whether a

positive membrane potential could have developed across protocell membranes under steady

state conditions, large enough to concentrate negatively charged organic intermediates of early

metabolic networks inside primitive cells, and (ii) if the steady-state solutions could have been

stable.

Results

Model description

To examine possible mechanisms that could have helped concentrate the organic intermedi-

ates of abiotic metabolic cycles, we consider a spherical cell of radius Rc with an ion-permeable

porous membrane of thickness d, residing in the primitive ocean (Fig 1A). The ocean is

assumed electroneutral, only comprising monovalent salts. For simplicity, we only consider

two salts with concentrations Csalt
1

and Csalt
2

. Hereafter, we refer to these salts as salt-I and salt-II

with Csalt≔Csalt
1
þ Csalt

2
the total salt concentration (see “Methods: Protocell Model”). Ions can

transfer between the cell and ocean due to a concentration gradient or nonuniform electric-

potential field induced by an uneven distribution of cations and anions in the space. Note that

the ocean in our idealized model refers to the computational domain outside the cell (see S1

Fig). The main purpose of this model is to determine the membrane potential with respect to
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the conditions inside and outside the cell. Accordingly, the parameters associated with the

ocean in our model, such as Csalt, should be regarded as characterizing the ambiance of primi-

tive cells if they reside in an environment other than the early ocean.

Our model is concerned with the feasibility of earliest metabolic reactions at the origin of

life. The goal is to identify a self-sustaining core reaction network (e.g., a variant of reductive

tricarboxylic acid cycle [21]) that could have operated under prebiotic conditions. This net-

work could only rely on simple carbon sources (i.e., CO2 [22] or C2 compounds that could be

synthesized abiotically from CO2 [2]) and inorganic compounds (e.g., membrane, energy

sources, reducing agents, and catalysts). Prebiotically plausible chemical pathways for the for-

mation of organic compounds besides those in the core network (e.g., single-chain amphi-

philes [23] and amino acids [17]) are assumed to have been inactive at the beginning.

However, they could have been gradually incorporated into the core network at later stages

once their necessary precursors became available in the environment, and they could proceed

at high enough rates to ensure the accumulation of their products. As the core network

evolved, previously infeasible pathways could have been activated if the network products

established autocatalytic feedback loops [24] to amplify these pathways or the concentrations

of their intermediates were elevated to levels that furnished nonnegligible reaction rates. How-

ever, in this study, we only focus on the feasibility of the core network with regards to the con-

centration of its intermediates, excluding the foregoing side pathways from the model.

Consistent with the restrictive framework outlined above, the protocell membrane in our

model is assumed to be composed of iron sulfides, possibly mixed with other minerals. Vesi-

cles with iron-sulfur membranes could have formed near hydrothermal vents in the Hadean

ocean due to the precipitation of Fe2+ as iron monosulphide upon mixing with HS−-rich alka-

line fluids, as has been experimentally demonstrated [25]. Once a self-sustaining core reaction

Fig 1. Proposed protocell model to study the origin of the membrane potential and electroneutrality. (A) Schematic representation of charge

distribution and electric double layers that could have developed inside and around protocells with ion-permeable membranes at the bottom of the

primitive ocean. The inner and outer surfaces of the membrane could have been positively charged due to the presence of transition-metal minerals. (B)

Two possible mechanisms, through which a nonzero membrane potential could have developed across protocell membranes. The left diagram shows a case,

where the inner and outer surfaces of the membrane are positively charged, resulting in a positive membrane potential. The right diagram shows the

opposite case, where the inner and outer surfaces are negatively charged, resulting in a negative membrane potential. In both cases, the magnitude of the

surface-charge density on the inner surface σin is assumed to be larger than that on the outer surface σout. (C) Possible radial profiles for the electric

potential ψ and volume-charge density ξ that could lead to a positive membrane potential. Here, the electroneutrality constraint inside the cell and

membrane is globally relaxed to achieve a positive membrane potential. (D) Positive membrane potentials lower the dissipation rate of the organic

intermediates of early metabolic cycles, thus elevating their concentrations in primitive cells.

https://doi.org/10.1371/journal.pcbi.1010377.g001
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network had been established in these protocells, the network could have evolved fatty-acid

synthesis pathways under appropriate conditions. Interestingly, a wide range of fatty acids

could be synthesized through Fischer-Tropsch-type reactions under hydrothermal conditions

[26]. Mixtures of fatty acids could then self-assemble into vesicles that remained stable in the

presence of divalent ions at high temperatures in extremely saline and alkaline environments

[23, 27]. Fatty-acid membranes could have replaced iron-sulfur membranes at later stages of

evolution as they could offer a selective advantage by facilitating growth and lipid assimilation

[23].

We emphasize that different notions of primitive cells have been introduced in the litera-

ture in a variety contexts. To avoid confusion as to what constitutes a primitive cell, we further

clarify how it is defined in this work. As previously stated, primitive cell or protocell in this

paper refers to an inorganic vesicle with an ion-permeable iron-sulfur membrane. These cells

are not equipped with specialized ion channels or transporters, so the only mechanism of

membrane transport is unselective, passive diffusion subject to an electric field. This is an

important feature of our protocell model: Membranes with a low permeability lower the dissi-

pation rates of organic intermediates and the uptake rates of carbon sources, energy sources,

and reducing agents simultaneously, while those with a higher permeability enhance these

transport rates. Because of this unselective transport mechanism, neither high nor low mem-

brane permeability would have favored the emergence of first metabolic cycles in such primi-

tive cells. Primitive cells with a membrane made of single-chain amphiphiles have also been

considered in previous works. Similar to iron-sulfur membranes, these membranes should

also have been ion-permeable to allow the uptake of key nutrients [23, 27, 28]. Therefore,

primitive cells with a lipid membrane must have faced the same fundamental challenge as

those with an iron-sulfur membrane to facilitate the emergence of first metabolic cycles.

Note that, our goal here is not to computationally exhaust all possible scenarios and phy-

sico-chemical systems that could have brought about life on the primitive Earth. Rather, we

aim to study a tractable and plausible abiogenic mechanism that possesses the most essential

features of primitive cells to gain qualitative insights into the restrictiveness of the constraints

on abiotic metabolic evolution through concrete and quantitative analyses. Moreover, the

main focus of this study is the role of the membrane potential and electroneutrality in the con-

centration problem. The feasibility of core reaction networks, operating non-enzymatically in

protocells with iron-sulfur membranes and only utilizing inorganic precursors will be exam-

ined elsewhere.

The protocell model described above is a simplified version of how primitive cells might

have operated in the early ocean. A key simplification concerns the composition of the primi-

tive ocean with regards to the number and valence of ions. As evidenced by leaching studies of

oceanic crusts, early oceans were likely more saline than modern seawater, comprising several

monovalent and polyvalent ions in high concentrations (e.g., Na+, K+, Ca2+, SO2�

4
) [29]. Never-

theless, by understanding the fundamental constraints that govern electric-potential and

charge distributions in our simplified model, we may find clues to possible mechanisms,

through which a positive membrane potential could have been achieved in the general case.

In modern cells, there are two main constraints that govern the flow of ions into and out of

the cell, namely species mass balance and electroneutrality [30, 31]. Thanks to several special-

ized ion channels in their ion-impermeable lipid membranes, modern cells can generate local

ion gradients in their membranes and a nonzero membrane potential while maintaining elec-

troneutrality on both sides of the membrane [32]. However, in ion-permeable protocell mem-

branes with no specialized ion channels, was it possible to generate a nonzero membrane

potential without violating electroneutrality inside the cell? If not, what forms of charge
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distribution could have furnished a nonzero membrane potential? Was it necessary for electro-

neutrality to be violated locally or globally? What mechanism could have underlain electroneu-

trality violation?

To answer these questions, we replace electroneutrality with Maxwell’s first law—a more

fundamental constraint governing the interdependence of charge and electric potential. We

ascertain the steady-state solutions of Maxwell’s first law and species mass balance equations

in the cell, membrane, and ocean to identify the key parameters affecting the electric-potential

distribution (see “Methods: Governing Equations”). We then determine what parameter val-

ues lead to a positive membrane potential through numerical experiments, and, if so, whether

electroneutrality can be maintained.

Given that the ocean is electroneutral in our model, one may deduce from Maxwell’s first

law that inducing a nontrivial electric-potential field in the cell and membrane is not possible

without any charge sources. We, thus, consider a scenario, where charged mineral species

cover the inner and outer surfaces of the membrane, giving rise to surface charge densities σin

and σout (Fig 1B). Transition-metal and clay minerals tend to have positively and negatively

charged surfaces, respectively. Here, the idea is that the difference between σin and σout could

generate a nontrivial electric-potential field and a nonzero membrane potential as a result. For

example, suppose that |σin|> |σout|. Then, positively charged mineral surfaces can generate a

positive membrane potential (Fig 1C), and negatively charged mineral surfaces can generate a

negative membrane potential.

Interestingly, the foregoing scenario is consistent with Wächtershäuser’s theory of surface

metabolism [6]. In this theory, positively charged mineral surfaces, such as those of divalent

transition metals, play a crucial role in facilitating early metabolic reactions because of the

strong ionic bonds that form between negatively charged organic molecules and transition

metals. In our model, transition metals not only catalyze early metabolic reactions, but also

can help concentrate organic molecules inside primitive cells by generating a positive mem-

brane potential if deposited on the surfaces of protocell membranes.

Membrane surface charges generate a membrane potential

One may deduce from Maxwell’s first law that local and global violation of electroneutrality

are necessary for the accumulation of charge to generate a nonzero membrane potential. In

our model, membrane surface charges cause the violation of electroneutrality and, thus, are

generators of the membrane potential. Here, we briefly describe how the membrane potential

is developed in our protocell model. Assuming a spherical symmetry, we construct steady-

state solutions of Eqs (1) and (2) parametrized with Csalt at fixed Rc, σ, and σr with σin = σ and

σout = σrσ, where Rc is the cell radius, σ the inner membrane surface-charge density, and σr the

ratio of the outer to inner membrane surface-charge densities. All other parameters used to

obtain the results in this and subsequent sections are summarized in S1 Table.

Steady-state solutions of the electric potential, volume-charge density, and ion concentra-

tions in the cell, membrane, and ocean exhibit a qualitatively similar trend for all values of Csalt

(S2 Fig). Positively charged membrane surfaces induce a positive electric-potential field in the

entire domain (0� r<1, where r is the radial coordinate) (S2(A) Fig). The resulting mem-

brane potential is also positive, scaling inversely with Csalt. Electric double layers form around

the inner and outer surfaces of the membrane due to surfaces charges. Consequently, negative

ions concentrate inside the electric double layers (S2(C) and S2(D) Fig), leading to a net nega-

tive volume-charge density throughout the entire domain (S2(B) Fig). We performed this anal-

ysis for small and large surface charge densities σ and found that the electric potential, volume-

charge density, and membrane potential all tend to vanish as σ! 0, as expected. Overall,
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membrane surface charges generate a nonzero membrane potential. Electroneutrality is then

violated globally in the cell, membrane, and the electric double layer in the ocean as a

consequence.

Trade-off between stability and sensitivity to surface charge could have

driven early evolution of membrane potential

The steady-state results presented in the last section indicated that large positive membrane

potentials are achievable if mineral surfaces can attain large surface charge densities. Of course,

how large a surface-charge density a mineral can attain is dictated by the laws of thermody-

namics and depends on several factors, such as the temperature, pressure, and ionic composi-

tion of the electrolyte it is exposed to [33]. To better understand if other constraints could have

restricted the range of achievable membrane potentials, we systematically studied the steady-

state solutions of Eqs (1) and (2) as a function of surface-charge density σ. We constructed

parametric steady state solutions with respect to σ at fixed Rc, Csalt, and σr using branch contin-

uation methods [34] (see “Methods: Constructing Steady-State Solution Branches”) and deter-

mined stability along the solution branches using linear stability analysis (see “Methods:

Stability of Steady-State Solutions”).

Steady-state solution branches, represented in scaled membrane potential Dĉ versus scaled

surface-charge density ŝ diagrams (see “Methods: Nondimensionalization of Governing Equa-

tions” for definition of scaled quantities), exhibit a distinct trend at large (Fig 2A) and small

(Fig 2B) cell radii. In general, Dĉ increases linearly with ŝ at small jŝj, asymptotically plateau-

ing at large jŝj. Here, Dĉ increases with ŝ at a faster rate for smaller cells. However, when solu-

tion branches are represented with respect to dimensional quantities, the opposite trend is

observed; that is, Δψ increases with σ at a faster rate for larger cells. Moreover, the linear

Fig 2. Steady-state solutions of the membrane potential Δψ parametrically represented with respect to the surface-charge density σ at Csalt = 0.1

M and σr = 0.02. (A) Rc = 10−6 m and (B) Rc = 10−8 m. Inset figures show radial profile of the electric potential ψ at selected points along the steady-state

solution branches. Shaded areas indicate the position of the membrane along the r-axis. Stability analysis was performed for ϑ = 0.1. The tortuosity

coefficient ϑ only affects stability without altering steady-state solutions.

https://doi.org/10.1371/journal.pcbi.1010377.g002
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stability analysis shows that, in general, there is a neighborhood around ŝ ¼ 0, in which steady

state solutions are stable. Increasing ŝ beyond a critical value results in stability loss. Therefore,

unboundedly large membrane potentials cannot be achieved by increasing the membrane sur-

face-charge density arbitrarily, even if allowed by the laws of thermodynamics.

Other parameters besides σ could have controlled the development of the membrane poten-

tial in primitive cells by altering the steady states and their stability, such as the total salt con-

centration in the ocean Csalt and the tortuosity coefficient of the membrane ϑ. These

characterize the ionic composition of the ocean and microstructural properties of the mem-

brane, respectively. The tortuosity coefficient is defined as the ratio of the effective diffusivity

in the membrane and bulk diffusivity for any given ion [35, 36] and measures how much the

tortuous microstructure of porous membranes hinders diffusive transport. It only affects the

stability of ion distributions in our protocell model, but not the steady-state solutions (see

“Methods: Stability of Steady-State Solutions”).

We studied how Csalt could influence steady-state solution branches in Dĉ versus ŝ dia-

grams at large (S3(A) and S3(C) Fig) and small (S3(B) and S3(D) Fig) cell radii by constructing

solution branches at fixed values of Csalt. We then determined stability along solution branches

for ϑ = 0.05 (S3(A) and S3(B) Fig) and ϑ = 0.1 (S3(C) and S3(D) Fig). In general, lowering Csalt

increases the sensitivity of Dĉ to ŝ. It also reduces the range of ŝ, in which steady-state solu-

tions are stable. Lowering ϑ has a similar destabilizing effect by reducing the stable range of ŝ.

Interestingly, the stable regions of σ determined in all these case studies are within the experi-

mentally measured ranges of surface charge densities at mineral-water interfaces (see “Meth-

ods: Surface Charge of Minerals”).

Overall, we observe a trade-off between stability and the sensitivity of the membrane poten-

tial Δψ to the surface-charge density σ, manifesting itself in two distinct ways (Fig 3). The first

is connected with the size of the cell. Here, Δψ is more sensitive to σ at larger cell radii. How-

ever, the range of σ, in which stable ion distributions can be achieved becomes more restricted

in return. Restrictions on σ in turn place a constraint on the maximum achievable Δψ. The sec-

ond is related to the composition of the ocean. In this case, a lower Csalt provides Δψ that is

more sensitive to σ, but at the expense of destabilization of ion distributions.

Electroneutrality could have provided selective advantage by minimizing

osmotic pressure and concentration heterogeneity

So far, we focused our discussion on the role that the membrane potential could have played as

a barrier, preventing organic molecules, synthesized by earliest metabolic reactions, from dissi-

pating into the ocean. In modern cells, this role has been taken over by lipid bilayer mem-

branes, while the membrane potential together with membrane proteins are involved in

membrane bioenergetics [37], pH and metal-ion homeostasis [31], controlling material flow

into and out of the cell [32, 38], and stress regulation [30, 39]. As previously stated, a nonzero

membrane potential in protocells with ion-permeable membranes would have necessitated the

violation of electroneutrality. By contrast, electroneutrality is always maintained in modern

cells by controlling ion transfer across the membrane using sophisticated regulatory networks

[40, 41]. It may be plausible to surmise that lipid membranes were assimilated by primitive

cells from early stages [42] once terpenoid synthesis pathways were incorporated into primor-

dial reaction networks [6]. However, what selective pressures could have driven the evolution

of charge distributions towards electroneutrality by selecting for ion-impermeable boundary

structures? In the following, we highlight two reasons for why electroneutrality could have

been selected for at early stages of evolution, namely (i) the osmotic crisis and (ii) concentra-

tion heterogeneity.
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The osmotic crisis refers to membrane breakup as a result of ion accumulation inside the

cell [38]. This universal phenomenon, which applies to primitive and modern cells, occurs due

to the uptake of charged cofactors, reducing agents, carbon sources, and energy sources. The

elevated ion concentrations in the cell lower the water activity compared to the surrounding

water [43]. Consequently, water is driven through the membrane into the cell, causing the

membrane to break. To better understand how electroneutrality could have contributed to this

process, we considered a simplified case, involving an electrolyte solution with an anion and a

cation (see “Methods: Electroneutrality and Structural Stability of Protocells”). We used Pit-

zer’s model [44] to estimate the osmotic coefficient of the solution. Given that the osmotic

coefficient is mainly a function of the ionic strength I and total salt concentration Csalt [45], we

sought to determine how the osmotic coefficient varies with the net charge of the solution if I
and Csalt are maintained constant. We found that, at fixed I and Csalt, of all possible ionic com-

positions, the one yielding an electroneutral solution minimizes the osmotic coefficient. This

implies that, primordial reaction networks could have progressed for longer times under elec-

troneutral conditions by taking up all the necessary ingredients from the surroundings without

undergoing any catastrophic event. As a result, the likelihood of early metabolism

Fig 3. Trade-off between stability and the sensitivity of the membrane potentialΔψ to surface-charge density σ. Solution branches for a given tortuosity

coefficient ϑ are qualitatively plotted for several Rc at fixed Csalt (left diagram) and several Csalt at fixed Rc (right diagram). Quantitative solution branches

and their stability limits are shown in S3 Fig and S4 Fig, respectively. In both cases, there is a critical σ and Δψ, beyond which stability is lost. At fixed Csalt

(left diagram), larger membrane potentials can be achieved for a given σ when Rc is larger, although stability is lost at a smaller σ. Similarly, at fixed Rc (right

diagram), larger membrane potentials can be realized for a given σ when Csalt is smaller, but stability is lost at a smaller σ. Consequently, for a given σ
corresponding to the constituents of the membrane (e.g., FeS), there is an intermediate Rc at fixed Csalt (highlighted in red in the left diagram) or an

intermediate Csalt at fixed Rc (highlighted in red in the right diagram) that furnishes the maximum achievable Δψ. Arrows on the membrane point in the

direction, in which Δψ exerts force on negative ions.

https://doi.org/10.1371/journal.pcbi.1010377.g003
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incorporating additional steps to synthesize biomolecules of higher complexity could have

improved (Fig 4).

Electroneutrality could also have enhanced the efficiency of early metabolic reactions by

creating homogeneous concentration distributions inside primitive cells. To clarify this point,

consider a scenario, where positively charged membrane surfaces have generated a positive

membrane potential in a primitive cell. The positive membrane potential drives negative inor-

ganic ions into the cell, creating a negatively charged shell (i.e., electric double layer) next to

the inner surface of the membrane. Next, suppose that a negatively charged organic molecule

is consumed by some of the metabolic reactions occurring in the cell. To efficiently utilize this

molecule, the cell must maximize its concentration by minimizing its rate of transport into the

ocean. This minimization is accomplished by the positive membrane potential. However, the

concentration of the molecule is only increased at the inner surface of the membrane since it

cannot readily diffuse past the charged shell to mix and react with other molecules. Therefore,

organic molecules are nonuniformly distributed inside the cell, diminishing mixing and reac-

tion efficiencies (Fig 4).

To quantify the extent to which nonuniform concentration distributions—referred to as

concentration heterogeneity—can reduce apparent reaction rates, we solved the species mass-

balance equation for a reactive species B consumed according to a first-order rate law in a pro-

tocell with a prescribed volume-charge-density distribution to ascertain the radial concentra-

tion distribution CB(r) and its volume average hCBi. We then used the reaction efficiency

Fig 4. Selective advantages provided by electroneutrality. Selective pressures are examined in a protocell model (Fig 1), in which primordial reactions

occur. Large positive membrane potentials Δψ increase the transport rate of negatively charged reducing agents and energy sources, while attenuating

the dissipation of the organic intermediates of metabolic reactions. They also induce a nonuniform positive electric-potential field, elevating the

concentration of anions in the cell. The resulting negative charge-density distribution (ξ(r)< 0) leads to heterogeneous concentration distributions for

charged reactive species, which in turn diminish reaction efficiencies. Small membrane potentials do not affect the reaction efficiencies significantly.

However, they can not alleviate the dissipation of the organic intermediates as effective either. Therefore, parameter values furnishing an intermediate

range of positive membrane potentials would have been optimal for the operation of early metabolic cycles. Moreover, if the total salt concentration Csalt
c

and ionic strength Ic in the cell are held constant, then violation of electroneutrality (|Qc|> 0 with Qc the total charge in the cell) increases the osmotic

pressure differential ΔP across the membrane. Hence, electroneutrality could have minimized catastrophic events in primitive cells due to osmotic

crisis, promoting the evolution of complex metabolic networks by providing structural stability. Electric double layer is denoted EDL.

https://doi.org/10.1371/journal.pcbi.1010377.g004
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�B ¼ hCBi=Cin
B as a measure of how much concentration heterogeneity can diminish or

enhance apparent reaction rates, where Cin
B is the concentration of B at the inner surface of the

membrane (see “Methods: Concentration Heterogeneity and Reaction Efficiency”). We found

that deviation from electroneutrality induced by positive membrane potentials could have sig-

nificantly diminished the efficiency of early metabolic reactions in primitive cells, especially

those with smaller cell radii (see S5 Fig).

We also identified two distinct ways, in which concentration heterogeneity can affect appar-

ent reaction rates. The first is due to the local consumption of B, always reducing the apparent

reaction rate of B, irrespective of the background charge distribution arising from the inor-

ganic ions. The second is related to the charged shell discussed above. If the shell and B have

opposite charges, the apparent reaction rate is enhanced (S5 Fig, dashed lines), and if they

have like charges, the apparent reaction rate is reduced (S5 Fig, solid lines). As it relates to the

origin of metabolism, positive membrane potentials could have favored the evolution of early

metabolism by minimizing the dissipation of organic intermediates into the ocean. However,

they could also have degraded mixing and reaction efficiencies, thereby driving the evolution

of ion-impermeable membranes, specialized ion channels, and active transport systems to

maintain an electroneural intracellular environment and minimize the interaction of mem-

brane transport and electric double layers.

Positive membrane potentials could have enhanced the concentration of

organic intermediates by several orders of magnitude

Our results suggest that positive membrane potentials that are comparable in magnitude to

those observed in modern organisms could have significantly elevated the concentration of

negatively charged organic intermediates in primitive cells. For example, we found that Δψ =

200 mV can elevate the average concentration of a reactive species B by 10, 103, 106 fold when

zB = −1, −2, −3 and ΛB� 1 in our protocell model with Rc = 10−8 m (Fig 5), where ΛB is the

Thiele modulus (see “Methods: Concentration Enhancement by Membrane Potential”).

Other prebiotic mechanisms for concentration enhancement have been previously exam-

ined. For example, surface adsorption on clay minerals in marine and fresh water was sug-

gested to increase the concentration of monomers, facilitating their polymerization at the

origin of life [46, 47]. Using numerical simulations, thermophoresis was also shown to enhance

the concentration of single nucleotides in hydrothermal pores by*108 fold [48]. Subsequent

laboratory experiments confirmed a*103 and *5 fold accumulation of single nucleotides

and fatty acids respectively in microcapillaries using a 30˚C temperature gradient, although

the Soret effect was largely inhibited at high salt concentrations [49].

Note that, to compare the effectiveness of thermal diffusion forces and positive membrane

potentials in addressing the concentration problem, the metric by which concentration

enhancement is measured should be carefully evaluated. For example, thermophoresis effects

in the foregoing studies were measured by fold increase in local concentrations in contrast to

the results presented in Fig 5 based on average concentrations. Concentration enhancement

with respect to average concentrations generally underestimates the maximum fold increase in

local concentrations in any given system, irrespective of the underlying mechanism. However,

average concentrations better characterize reaction-diffusion systems operating in a control

volume, such as cellular organisms. Finally, we emphasize that both thermophoresis and mem-

brane potential could have played a role in concentrating the chemical precursors of life in

primitive cells. Further investigations are required to determine which mechanism is more

congruent with how modern cells overcome the concentration problem and, thus, was favored

by natural selection.
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Conclusions

In this article, we addressed the concentration problem by proposing an abiogenic mechanism,

by which the concentration of organic intermediates of early metabolic cycles could have been

enhanced without sophisticated macromolecular structures or polymerization machinery,

which are believed to have been later products of evolution [50]. In this mechanism, mem-

brane surfaces in primitive cells are assumed to have been positively charged due to the accu-

mulation of transition metals. Then, these charged surfaces could have induced a positive

membrane potential, which in turn would have concentrated the organic intermediates of

early metabolism in primitive cells. Accordingly, transition metals could have facilitated the

Fig 5. Enhancement of reactive-species concentrations by the membrane potential. The membrane potential Δψ and reaction efficiency ϕB (see

“Methods: Concentration Heterogeneity and Reaction Efficiency”) for a reactive species B are evaluated at Csalt = 0.1 M, σr = 0.02, and Rc = 10−8 m

along a steady-state solution branch parametrized with the surface-charge density σ. The ratio hCBiΔψ/hCBi0, used as a measure of concentration

enhancement, is determined at fixed Cout
B for Thiele moduliL

2

B ¼ 0; 0:05; 0:1; 0:15; 0:2; 0:25 when the valence of B is zB = −1, −2, −3. Red lines

represent the nonreactive limit, where ΛB! 0. Here, hCBiΔψ and hCBi0 denote the average concentration of B in the cell for a given Δψ and when Δψ =

0, respectively. Two dimensionless quantities FEDL and FM determine hCBiΔψ/hCBi0, each measuring the relative strength of the membrane potential

driving B into the cell and the electric double layer hindering its diffusion in different ways (see “Methods: Concentration Enhancement by Membrane

Potential”).

https://doi.org/10.1371/journal.pcbi.1010377.g005
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emergence of first metabolic cycles by (i) enhancing the rates of nonenzymatic reactions

through catalysis and (ii) alleviating the dissipation of organic intermediates through transport

inhibition. We demonstrated the feasibility of this mechanism by developing a protocell model

and quantitatively estimating achievable membrane potentials from first principles by solving

Maxwell’s first law and mass-balance equations. We showed that positive membrane potentials

comparable in magnitude to those observed in modern bacteria could have been generated in

primitive cells for typical charge densities arising from transition-metal surfaces.

Unlike in our protocell model, the membrane potential in modern cells is often negative

[51]. As previously stated, positive membrane potentials would have favored the accumulation

of organic intermediates in primitive cells with ion-permeable membranes. Given that the

only mechanism of ion transport in these rudimentary membranes was passive diffusion, to

achieve a nonzero membrane potential, electroneutrality must have been violated globally

inside primitive cells if the early ocean was electroneutral. In contrast, modern cells are

equipped with ion-impermeable lipid membranes, efficient enzymes, active transport systems,

and proton pumps. In modern cells, the redox energy released by the electron transport chain

(ETC) is converted into a chemical potential energy in the form of a pH gradient, which is

spent to transport inorganic ions into and out of the cell against their chemical potential gradi-

ents through active transport systems [32]. These energy demanding transport mechanisms

enable the cell to generate ion-concentration gradients and a nonzero membrane potential

across the membrane while maintaining electroneutrality in the cell. Transporters can also

transfer organic ions across the membrane selectively in one direction using the pH gradient

to alleviate their dissipation. Therefore, modern cell no longer need a positive membrane

potential to accumulate the organic products of metabolism. On the other hand, a negative

membrane potential in modern cells allows them to store or release a larger fraction of the

ETC redox energy per proton when it is translocated across the membrane through proton

pumps or the ATP synthase. Thus, negative membrane potentials could have conferred a more

robust response to energy demanding stressors and better fitness, which might have been a

reason for their evolutionary selection.

To better understand how a positive membrane potential could have developed, we con-

structed the steady-state solutions of Maxwell’s first law and mass-balance equations. We

found that positive membrane surface charges could induce a nontrivial electric-potential field

and a positive membrane potential. The resulting membrane potential is proportional to the

surface-charge density and inversely proportional to the total concentration of nonreactive

ions in the primitive ocean. Furthermore, our numerical experiments indicated that violation

of electroneutrality inside the cell and membrane is essential to generate a nonzero membrane

potential. However, the steady-state results alone did not place any upper limit on the maxi-

mum achievable membrane potential.

Thus, we examined the stability of the steady-state solutions using linear stability analysis to

identify possible constraints that could have restricted the magnitude of the membrane poten-

tial in primitive cells. Our results suggested that, for any given ionic composition of the primi-

tive ocean, there is a critical surface-charge density and membrane potential, beyond which

concentration distributions in the cell and membrane are unstable. Moreover, we found that

there is a trade-off between this stability bound and the sensitivity of the membrane potential

to surface-charge density: Parameter values leading to higher sensitivities result in a smaller

range of surface charge densities, for which concentration distributions are stable. Beside

destabilization, large surface charge densities could also have induced heterogeneous concen-

tration distributions for organic molecules, cofactors, and energy sources inside primitive

cells, adversely affecting the reaction efficiencies of early metabolic cycles. This is yet another

reason for why arbitrarily large membrane potentials could not have been achieved.
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Lastly, our quantitative analysis revealed that the conditions on the primitive Earth could

have been primed for the emergence of first metabolic cycles, perhaps more than previously

thought. The feasibility of these cycles in our model relies on the existence of a positive mem-

brane potential. In fact, the concordance between the interconnection of metabolic reactions

and the membrane potential in primitive and modern cells is an important feature of our pro-

tocell model. It implies that, the operation of the membrane potential and metabolism were

deeply intertwined from the outset and continued to persist throughout the evolutionary his-

tory of life. Furthermore, our results suggested that, sufficiently large membrane potentials

could have been realized for intermediate ranges of surface-charge density, cell size, and ion

concentrations in the ocean to support the evolution of stable and self-sustaining metabolic

cycles. These ranges may be regarded as constraints exerting selective pressure on the evolu-

tion of early metabolism. They would likely have been more restrictive at the beginning and

were relaxed once lipid membranes and specialized ion channels had emerged, which in turn

would have rendered primitive cells more robust to environmental uncertainties.

Overall, this study provides a strong impetus for further first-principle and quantitative

investigations into mechanistic models of first metabolic cycles and their early evolutionary

stages, elucidating their transition into self-sustaining and complex biochemical networks.

More broadly, our results suggest that the strong interconnections between several cellular

processes (e.g., controlled membrane potential and membrane transport, charge balance, ion

homeostasis, metabolism) were as essential to primitive cells as they are to extant life. These

are fundamental processes that shape many phenotypic characteristics of modern cells, possi-

bly more than currently understood. Therefore, we expect that these fundamental processes

will be formalized more systematically in the future for biological systems and incorporated

into realistic single-cell models to emerge in the coming decade.

Materials and methods

Protocell model

We first describe the protocell model discussed in the main text that we proposed to study the

origin of the membrane potential and electroneutrality. The model comprises three regions: (i)

Cell, (ii) membrane, and (iii) ocean (S1 Fig). The cell is a sphere of radius Rc enclosed by a

porous membrane of thickness d, lying at the bottom of the primitive ocean (Fig 1A). Our goal

is to determine the conditions, under which a positive membrane potential can develop across

the membrane. However, we consider a more general case, where positive and negative mem-

brane potentials can be induced by positively and negatively charged surfaces of the mem-

brane. The inner and outer surfaces of the membrane are assumed to have the same charge

with the respective surface-charge densities σin and σout. However, the magnitude of the sur-

face-charge density on the inner surface is assumed to be always greater than on the outer sur-

face (Fig 1A). These positively and negatively charged surfaces could have arisen from

accumulation of transition-metal and clay minerals, respectively [6]. In our model, the inner

and outer surface-charge densities are specified using two parameters according to σin = σ and

σout = σrσ, where the the surface-charge density σ and surface-charge density ratio σr are given

parameters. Other fixed parameters of the model that were used to generate the plots in this

document and the main text are summarized in S1 Table.

The ocean in our model is assumed to be electroneutral. We further assume that the ionic

composition of the ocean arises from a complete dissociation of monovalent salts. For simplic-

ity, we only consider two monovalent salts, we refer to as salt-I and salt-II, which yield equal

amounts of their constituent cation and anion in the ocean upon dissociation in water. Let Csalt
1

and Csalt
2

denote the concentration of salt-I and salt-II, respectively. Then, the total salt
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concentration Csalt≔Csalt
1
þ Csalt

2
is half the total ion concentration C1 in the ocean due to a

complete salt dissociation. Therefore, when Csalt and r12 ≔Csalt
1
=Csalt

2
are given, the ionic com-

position of the ocean is fully specified.

Cþ
1;i ¼ C�

1;i ¼ Csalt
i ; i 2 f1; 2g;

C1≔
X

i2f1;2g

ðCþ
1;i þ C�

1;iÞ ¼ 2Csalt;

where Cþ
1;i and C�

1;i are the concentration of the cation and anion arising from salt i. We gen-

erally denote the concentration of ions (cations or anions) by C1,i without referring to the

index of salt, where i here is the index of ions in the system. The composition of the ocean is

then imposed as far-field boundary conditions to solve Maxwell’s first law and species mass-

balance equations in the three computational domains shown in S1 Fig.

Governing equations

To ascertain the membrane potential for any given set of model parameters, we compute the

electric-potential field in the foregoing three computational domains by solving Maxwell’s first

law

r2c ¼ �
x

εrε0

ð1Þ

and species mass-balance equations

@Ci

@t
¼ � r � Ji þ ri; i 2 I ; ð2Þ

where ψ is the electric potential, ξ volume-charge density, εr relative permittivity of the

medium (water in our model), ε0 vacuum permittivity, I the index set of all the species

involved in the system with Ci, Ji, and ri the concentration, flux vector, and production rate of

species i. Maxwell’s first law describes the relationship between charge and electric-potential

distribution in the cell, membrane, and ocean, whether or not electroneutrality holds. The

three computational domains, in which to solve Eqs (1) and (2) are represented as

0 � r < Rc; Cell;

Rc < r < Rc þ d; Membrane;

Rc þ d < r <1; Ocean

ð3Þ
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with the boundary conditions

@c

@r
¼ 0 at r ¼ 0; ð4aÞ

@c

@r
¼
sin

εrε0

at r ¼ Rc; ð4bÞ

cjcell ¼ cjmembrane at r ¼ Rc; ð4cÞ

cjmembrane ¼ cjocean at r ¼ Rc þ d; ð4dÞ
@c

@r
¼ �

sout

εrε0

at r ¼ Rc þ d; ð4eÞ

c! 0 as r !1 ð4fÞ

for the electric potential and

@Ci

@r
¼ 0 at r ¼ 0; ð5aÞ

Jijcell ¼ Jijmembrane at r ¼ Rc; ð5bÞ

Cijcell ¼ Cijmembrane at r ¼ Rc; ð5cÞ

Jijmembrane ¼ Jijocean at r ¼ Rc þ d; ð5dÞ

Cijmembrane ¼ Cijocean at r ¼ Rc þ d; ð5eÞ

Ci ! C1;i as r !1 ð5fÞ

for the species concentrations, where Ji≔ Ji � er with er the unit vector along the r-axis in the

spherical coordinate system. The boundary conditions Eqs (4b) and (4e) arise from a charge-

balance constraint applied in the electric double layer theory [52, Section 5.3]. It requires that

the total charge resulting for the accumulation of the counter ions in the domain exposed to a

charged surface counterbalances the total charge of the surface. Applying this constraint to the

electric double layers formed in the cell and ocean yields

Qc þ s
inAin ¼ 0; ð6Þ

Qo þ s
outAout ¼ 0; ð7Þ

where Qc and Qo are the total charges accumulated in the cell and ocean with Ain and Aout the

areas of the inner and out membrane surfaces. The total charges can then be related to @c

@r using

Gauss’s law, which is the integral form of Maxwell’s first law. For example, Eq (4b) can be

derived from Eq (6) in the following way

Z

Ain
E � ndA ¼

Qc

εrε0

)

Z

Ain
� rc � ndA ¼

Qc

εrε0

) � Ain @c

@r

� �

r¼Rc

¼
Qc

εrε0

)
@c

@r

� �

r¼Rc

¼
sin

εrε0

with E the electric field and n unit outward normal vector to Ain. Eq (4c) can be similarly

derived from Eq (7).
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The volume-charge density in Eq (1) is determined from the concentration of the species in

the system

x ¼ F
X

i2I

ziCi ð8Þ

with F the Faraday constant and zi the valence of species i. The flux vector consists of a diffu-

sive and an electric-potential component, which is expressed

Ji ¼ � DiðrCi þ
ziF
RT

CircÞ; ð9Þ

where R is the universal gas constant and T temperature.

Before proceeding to the steady-state solutions of Eqs (1) and (2), it is helpful to examine

these equations separately for two groups of species. Here, we classify the species involved in

our model into a reactive and nonreative group. Reactive species are those that would have

participated in early metabolic reactions occurring inside the cell, such as reducing agents,

energy sources, and organic molecules. Nonreactive species are the inorganic ions, which

would have been present in the primitive ocean.

We note that Eq (2) can be simplified by decoupling the mass balance equation for reactive

and nonreactive species. The earliest metabolic reactions are believed to have been catalyzed

by naturally occurring minerals at a significantly smaller rate than their enzymatic counter-

parts [9, 53–55]. As a result, the concentration of reactive compounds produced by these reac-

tions would have been extremely small [54, 56], especially compared to that of inorganic ions

in the primitive ocean [29]. Therefore, reactive species could not have significantly contributed

to the development of the membrane potential. Accordingly, we neglect their contribution in

Eqs (1) and (2), solving Eq (2) only for inorganic ions. These ions are not consumed or pro-

duced by any metabolic reactions taking place inside the protocell, so that they attain their

steady state much faster than reactive species. Therefore, we solve Eq (2) for i 2 Inrxn, approxi-

mating the volume-charge density in Eq (1) as

x � F
X

Inrxn

ziCi; ð10Þ

where Inrxn the index set of nonreactive species. Using this approximation along with ri = 0 for

nonreactive species, one can solve Eqs (1) and (2) for nonreactive species independently of the

reactive species. Once the electric potential has been ascertained in this manner, the species

mass-balance equations for reactive species can be solved without needing to couple them to

Maxwell’s first law.

We conclude this section by highlighting the main assumptions used in the remainder of

this document to simplify the governing equations and their solutions:

• Governing equations (steady states and transient perturbations) inherit spherical symmetry

from the spherical geometry of the protocell model.

• Surface-charge density can vary independently of other model parameters, such as cell

radius, membrane thickness, and the ionic composition of the ocean.

The second assumption is only relevant to parametric studies of the steady-state solutions

with respect to the surface-charge density σ. As will be discussed later (see “Constructing

Steady-State Solution Branches”), we construct steady-state solution branches with respect to σ
at fixed Csalt. This is, of course, a simplifying assumption because when the thermodynamic

state of the system is specified (i.e., when the temperature, pressure, and ionic composition are
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given), σ is determined by the thermodynamic constraints arising from the equilibrium of the

charged surface and the electrolyte solution it is subject to [33]. Therefore, in general, σ and

C1 cannot vary independently of one another.

Nondimensionalization of governing equations

To alleviate computational errors associated with the scaling of the protocell model that arise

from the numerical solutions of the governing equations, we introduce the dimensionless

quantities

r̂≔ r=Rc; d̂≔ d=Rc; t̂≔ t=t; ĉ≔ Fc=ðRTÞ;

Ĵi≔RcJi=ðDsCsÞ; r̂ i≔R2
c ri=ðDsCsÞ; Ĉi≔Ci=Cs; D̂i≔Di=Ds

ð11Þ

to nondimensionalize these equations. Here, Cs, Ds, and t≔R2
c=Ds are concentration, diffusiv-

ity, and time scales. Accordingly, after applying the spherical symmetry assumption, the

dimensionless forms of Eqs (1) and (2) are obtained

1

r̂2

@

@r̂
r̂2 @ĉ

@r̂

 !

¼ � x̂; ð12Þ

@Ĉi

@ t̂
¼ D̂i

1

r̂2

@

@r̂
r̂2 @Ĉi

@r̂

� �

þ zi
@Ĉi

@r̂
@ĉ

@r̂
þ

ziĈi

r̂2

@

@r̂
r̂2 @ĉ

@r̂

 !" #

þ r̂ i; i 2 I ; ð13Þ

which are to be solved subject to

@ĉ

@r̂
¼ 0 at r̂ ¼ 0; ð14aÞ

@ĉ

@r̂
¼ ŝ in at r̂ ¼ 1; ð14bÞ

ĉjcell ¼ ĉjmembrane at r̂ ¼ 1; ð14cÞ

ĉjmembrane ¼ ĉjocean at r̂ ¼ 1þ d̂; ð14dÞ

@ĉ

@r̂
¼ � ŝout at r̂ ¼ 1þ d̂; ð14eÞ

ĉ ! 0 as r̂ !1 ð14fÞ

for the electric potential and

@Ĉi

@r̂
¼ 0 at r̂ ¼ 0; ð15aÞ

Ĵ ijcell ¼ Ĵ ijmembrane at r̂ ¼ 1; ð15bÞ

Ĉijcell ¼ Ĉijmembrane at r̂ ¼ 1; ð15cÞ

Ĵ ijmembrane ¼ Ĵ ijocean at r̂ ¼ 1þ d̂; ð15dÞ

Ĉijmembrane ¼ Ĉijocean at r̂ ¼ 1þ d̂; ð15eÞ

Ĉi ! Ĉ1;i as r̂ !1 ð15fÞ

for the species concentrations, where Ĵ i≔ Ĵ i � er. Several dimensionless parameters appear in
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these equations, the definitions of which are

x̂≔
FR2

cx

RTεrε0

; ŝ≔
FRcs

RTεrε0

; Z≔
F2R2

cCs

RTεrε0

: ð16Þ

Note that, throughout this document, the dimensionless forms of all the other concentrations,

electric potentials, and surface-charge densities are denoted as the corresponding hatted quan-

tities and defined similarly. Using these dimensionless parameters, Eq (8) is nondimensiona-

lized as

x̂ ¼ Z
X

i2I

ziĈi � Z
X

i2Inrxn

ziĈi: ð17Þ

Steady state solutions

In this section, we present the steady state solutions of Eqs (12) and (13) for nonreactive spe-

cies. We approximate the steady-state solutions in the ocean using the Gouy-Chapman theory

for simplicity [52] (see “Electric-Potential Field in Ocean from Gouy-Chapman Theory”) and

compute numerically exact solutions of Maxwell’s first law and species mass-balance equations

in the cell and membrane. Because there are no sources or sinks for nonreactive species in the

cell or membrane, Ĵ i ! 0 for i 2 Inrxn as the solutions of Eqs (12) and (13) approach their

steady states. This observation allows to simplify the construction of steady-state solutions as

demonstrated in the following

Ĵ i ¼ � D̂i
dĈi

dr̂
þ ziĈi

dĉ
dr̂

 !

¼ 0)
dĈi

dr̂
¼ � ziĈi

dĉ
dr̂

) dln Ĉi ¼ � zidĉ ) Ĉiðr̂Þ ¼ Ĉ0;i exp ½� ziðĉðr̂Þ � ĉ0Þ�;

where Ĉ0;i and ĉ0 are the concentration of species i and electric potential on one of the bound-

aries of the computational domain. Note that this simplification does not apply to reactive spe-

cies, for which r̂ i 6¼ 0, because steady-state fluxes can generally be nonzero.

For the cell and membrane, the boundary of interest is Ain and Aout, respectively. The sur-

face concentrations and surface potential on Aout, which are ascertained from the Gouy-Chap-

man theory in the ocean provide the boundary conditions for the membrane. The surface

concentrations and surface potential on Ain from the solution of the membrane in turn furnish

the boundary conditions for the cell. Once these boundary conditions are substituted in the

general expression derived above, the following concentration distributions in the cell and

membrane are obtained

Ĉiðr̂Þ ¼ Ĉ1;i exp ½� ziĉðr̂Þ�; i 2 Inrxn; ð18Þ

which describe the functional dependence of Ĉi on ĉ both in the cell and membrane. How-

ever, the concentration distributions Ĉiðr̂Þ in the cell and membrane are not the same because

the electric-potential field ĉðr̂Þ in these domain are different. Substituting Eq (18) in Eq (12)

using Eq (17) furnishes

1

r̂2

d
dr̂

r̂2 dĉ
dr̂

 !

¼ � Z
X

i2Inrxn

ziĈ1;i exp ð� ziĉÞ: ð19Þ

This form of Maxwell’s first law needs not be coupled to the species mass-balance equations
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Eq (13) to provide the electric-potential field. We numerically solve this equation using finite-

difference methods (see “Numerical Approximation of Steady-State Solutions”) subject to the

boundary conditions Eqs (14a)–(14b) to compute ĉðr̂Þ in the cell and membrane for a given

set of model parameters. Once the electric-potential field has been computed, it can be back-

substituted in Eq (18) to provide the concentration distributions. S2 Fig represents the results

of a case study, showing the radial profiles of the membrane potential, volume-charge density,

and ion concentrations that are ascertained by solving Eq (19).

Electric-potential field in ocean from Gouy-Chapman theory

As previously stated, we approximate the electric-potential field and concentration distribu-

tion of ions in the ocean using the Gouy-Chapman theory. This theory provides analytical

solutions for ĉðr̂Þ and Ĉiðr̂Þ when only monovalent ions are present in an electrolyte solution

and the domain is one-dimensional in the Cartesian coordinate system [52]. In this theory, ion

concentrations are explicitly expressed as functions of the electric-potential field. The func-

tional form of these expressions is identical to that in Eq (18). The electric-potential field and

surface potential are given by

ĉðr̂Þ ¼ 4 tanh� 1
½tanh ðĉout=4Þ exp ð� ðr̂ � 1 � d̂Þ=‘̂Þ�; ð20Þ

ĉout ¼ 2 sinh� 1
ð‘̂ŝout=2Þ; ð21Þ

where ‘̂≔ ‘=Rc ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi

2ZĈsalt

q

with ℓ the Debye length defined as

‘≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTεrε0

2CsaltF2

r

: ð22Þ

Numerical approximation of steady-state solutions

We briefly discuss the numerical techniques, with which to solve Eq (19). We discretize Eq

(19) over the grid shown in S1 Fig and approximate the first and second derivatives of ψ that

arise from its left-hand side using fourth-order finite-difference schemes (see S2 and S3

Tables). Substituting these approximations in Eq (19) yields a nonlinear system of equations

Aψ̂ ¼ bðψ̂ ; ŝÞ; ð23Þ

where ψ̂ ≔ ½ĉ1; ĉ2; � � � ; ĉNc
; � � � ; ĉN � 2 R

N�1 is the vector of the electric potentials evaluated

at the nodes of the grid shown in S1 Fig. Here, A 2 RN�N is a constant matrix comprising the

coefficients of the discretization schemes and b 2 RN�1 is a variable vector and nonlinear in ψ̂ .

It results from the right-hand side of Eq (19) evaluated at the grid points and the boundary

conditions Eqs (14a)–(14d).

We solve Eq (23) iteratively in two steps:

• Pseudo-linear step: The procedure starts from a crude initial guess ψ̂ 0. At iteration n, ψ̂ n is

computed by solving the linearized system Aψ̂ n ¼ bðψ̂ n� 1; ŝÞ, where ψ̂ n and ψ̂ n� 1 denote

the vector of electric potentials at iterations n and n − 1, respectively. This step is relatively

robust with respect to the initial guess but converges slowly to steady-state solutions. The

approximate solution from this step is then used as an initial guess for the next step.
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• Newton-Raphson step: Iterations start from the approximate solution furnished by the previ-

ous step. At any given iteration, derivative information is used to accelerate convergence

towards steady-state solutions. Given the quadratic convergence rate of Newton’s method,

this step can provide highly accurate solutions with much fewer iterations than the previous

step. However, this procedure can also diverge if the initial guess obtained in the previous

step does not lie in the convergence region of Newton’s method. Therefore, it is not robust

with respect to the choice of initial guess.

Constructing steady-state solution branches

Constructing the solutions of Eq (19) using the computational procedure introduced in the

previous section is generally time-consuming, rendering parameter-sweep computations chal-

lenging to perform. Therefore, we use Keller’s arc-length continuation method [34] to con-

struct steady-state solution branches. The goal is to compute parametric solutions ψ̂ðŝÞ of Eq

(23) efficiently by leveraging a predictor-corrector scheme so as to avoid the computational

costs associated with repeated execution of the foregoing pseudo-linear step—the computa-

tional bottleneck of the procedure outlined in the previous section. Here, we seek ψ̂ðŝÞ as

parametric solutions of the problem

Gðψ̂ ; ŝÞ≔Aψ̂ � bðψ̂ ; ŝÞ ¼ 0 ð24Þ

subject to

k _̂ψ k
2

2
þ _̂s2 ¼ 1; ð25Þ

where overdot denotes differentiation with respect to the arc-length s. The predictor step in

branch-continuation methods requires the tangent vector _x, where x≔ ½ψ̂ ; ŝ� [34]. The deriv-

atives with respect to s are ascertained by solving

Gð _̂ψ ; _̂sÞ≔

@G
@ψ̂

_̂ψ þ
@G
@ŝ

_̂s

k _̂ψ k2

2
þ _̂s 2 � 1

2

6
6
4

3

7
7
5 ¼ 0 ð26Þ

using Newton’s method. Suppose that the vector of steady-state solutions xn at the nth arc-

length step along the solution branch is known with sn the corresponding arc-length. At this

step, the tangent vector _xn can readily be computed by solving Eq (26). The goal now is to com-

pute the solution vector at the next step xn+1 corresponding to sn+1 = sn + Δs for a prescribed

Δs. First, an auxiliary function is introduced

N ðψ̂ nþ1; ŝnþ1Þ≔ _̂ψ T
nðψ̂ nþ1 � ψ̂ nÞ þ

_̂snðŝnþ1 � ŝnÞ � ðsnþ1 � snÞ; ð27Þ

which is a linearized version of Eq (25). Next, xn+1 is computed by solving

Hðψ̂ nþ1; ŝnþ1Þ≔
Gðψ̂ nþ1; ŝnþ1Þ

N ðψ̂ nþ1; ŝnþ1Þ

" #

¼ 0 ð28Þ

using a predictor-corrector scheme. In the predictor step, the tangent vector _xn is used to con-

struct an initial guess for xn+1 as follows

x�nþ1
¼ xn þ _xnDs;
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which is accurate to first order in Δs. In the corrector step, xn+1 is computed to high accuracy

by solving Eq (28) using Newton’s method with x�nþ1
as an initial guess. A key advantage of pre-

dictor-corrector approaches is that, the initial guess generated in the predictor step usually lies

in the convergence region of Newton’s method even for moderately sized Δs. Moreover, con-

structing the initial guess in the predictor step is computationally much less costly than the

pseudo-linear step discussed in the previous section. Therefore, parameter-sweep computa-

tions can be performed much more efficiently using branch-continuation methods than the

procedure introduced in the previous section, if it were to be executed at all points along the

solution branch.

Stability of steady-state solutions

We determine the stability of steady-state solutions using linear stability analysis. Let ĉ0ðr̂Þ
and Ĉ0

i ðr̂Þ denote the steady-state solutions of Eqs (12) and (13). Upon perturbations, the

time-varying solutions of Eqs (12) and (13) can be expressed as

ĉðt̂; r̂Þ ¼ ĉ0ðr̂Þ þ ĉ 0ðt̂; r̂Þ;

Ĉiðt̂; r̂Þ ¼ Ĉ0
i ðr̂Þ þ Ĉ 0iðt̂; r̂Þ;

ð29Þ

where ĉ 0 and Ĉ 0i are infinitesimal perturbations induced in the protocell by fluctuations in

environmental conditions. To simplify the analysis, we assume that these fluctuations can only

destabilize the concentration distributions in the cell and membrane without affecting the

steady state of the ocean. Accordingly, the concentration and electric-potential boundary con-

ditions on Aout are not influenced by these perturbations. We further assume that instabilities

are mainly caused by concentration perturbations, neglecting the disturbances that they can

induce in the electric-potential field (i.e., ĉ 0ðt̂; r̂Þ ¼ 0). Thus, we consider the following pertur-

bation ansatz

Ĉ 0iðt̂ ; r̂Þ ¼ exp ðlit̂Þriðr̂Þ ð30Þ

with λi the eigenvalue characterizing the dynamics of species i. Substituting Eqs (29) and (30)

in Eq (13), taking into account all the assumptions discussed above and neglecting the second-

and higher-order terms in Ĉ 0i, we arrive at

d2
ri

dr̂2
þ

2

r̂
þ zi

dĉ0

dr̂

 !
dri

dr̂
� zix̂

0 þ
li

Di

� �

ri ¼ 0;
0 < r̂ < 1;

1 < r̂ < 1þ d̂

(

ð31Þ

subject to

dri

dr̂
¼ 0 at r̂ ¼ 0; ð32aÞ

dri

dr̂
þ zi

dĉ0

dr̂
ri

" #

cell

¼ W
dri

dr̂
þ zi

dĉ0

dr̂
ri

" #

membrane

at r̂ ¼ 1; ð32bÞ

rijcell ¼ rijmembrane at r̂ ¼ 1; ð32cÞ

ri ¼ 0 at r̂ ¼ 1þ d̂; ð32dÞ
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where Di is a diffusivity coefficient defined as

Di≔
Di; 0 � r̂ < 1;

Deff
i ; 1 < r̂ < 1þ d̂

8
<

:
ð33Þ

with Di the the bulk diffusivity of species i in water and Deff
i its effective diffusivity in the mem-

brane. In our protocell model, the membrane is assumed to have a porous structure made of

minerals, the effective diffusivity of which can be expressed as Deff
i ¼ WDi with ϑ the tortuosity

coefficient [35, 36]. Using these definitions, the boundary condition Eq (32b) is derived from

Eq (15b).

Eq (31) can be recast into the following Sturm-Liouville form for each i

d
dr̂

pðr̂Þ
dri

dr̂

� �

� qðr̂Þri ¼ liwðr̂Þri; ð34Þ

where

pðr̂Þ≔miðr̂Þ; ð35aÞ

qðr̂Þ≔ zimiðr̂Þx̂0ðr̂Þ; ð35bÞ

wðr̂Þ≔ miðr̂Þ=Di ð35cÞ

with

miðr̂Þ≔ r̂2 exp ½ziĉ0ðr̂Þ�: ð36Þ

The Sturm-Liouville problem Eq (34) is called regular if it is subject to some variants of homo-

geneous Robin boundary conditions, pðr̂Þ;wðr̂Þ > 0, and pðr̂Þ, dpðr̂Þ=dr̂ , qðr̂Þ, and wðr̂Þ are

continuous on ½0; 1þ d̂� [57]. The following properties of regular Sturm-Liouville problems

are of particular relevance to linear stability analysis [58]:

• Eigenvalues are discrete and real.

• Eigenvalues are bounded from above.

• Eigenfunctions form a complete orthogonal basis for an L2 Hilbert space.

Moreover, the solutions of a regular Sturm-Liouville problem are continuously differentia-

ble [58]. However, the Sturm-Liouville problem that arise from Eq (31) is not regular. Firstly,

the boundary condition at r̂ ¼ 0 is singular because p(0) = 0. Secondly, pðr̂Þ, qðr̂Þ, and wðr̂Þ
are nonsmooth at r̂ ¼ 1. Nonetheless, modern treatments of the Sturm-Liouville theory allows

these functions to satisfy more relaxed conditions, such that the foregoing three properties still

hold. Accordingly, it suffices for 1=pðr̂Þ, qðr̂Þ, and wðr̂Þ to be locally Lebesgue integrable—a

condition satisfied by Eq (35). Although, the solutions (i.e., eigenfunctions) may satisfy weaker

smoothness and continuity properties. This generalization followed from the important find-

ing that Hilbert function spaces can be decomposed into mutually orthogonal singular and

absolutely continuous subspaces for self-adjoint operators (see [57] for more details).

Given the properties of Sturm-Liouville problems discussed above, it suffices to show that

the maximum eigenvalue of Eq (31) subject to the boundary conditions Eq (32a)–(32d) is neg-

ative to prove that a steady-state solution is stable. We, thus, solve Eq (31) numerically using

finite-difference methods following a similar procedure as discussed before (see “Numerical

Approximation of Steady-State Solutions”). Discretization of Eq (31) subject to Eq (32a)–(32d)
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results in the following systems of equations

Riðĉ
0; liÞ ¼ 0; i 2 Inrxn; ð37Þ

which have a nontrivial solution if and only if Riðĉ
0; liÞ are singular. The determinant can be

used as a measure of how far a matrix is from being singular, the application of which leads to

the following condition

det Riðĉ
0; liÞ ¼ 0; i 2 Inrxn: ð38Þ

Determining matrix singularity from Eq (38) is computationally expensive. Therefore, we con-

sider an alternative condition for Riðĉ
0; liÞ to be singular by requiring its minimum singular

value to vanish

smin Riðĉ
0; liÞ ¼ 0; i 2 Inrxn; ð39Þ

where σmin is an operator returning the minimum singular value of Ri (not to be confused

with the surface-charge densities introduced in previous sections). Solving Eq (39) is computa-

tionally less expensive than solving Eq (38) since the singular values of Ri can be efficiently

computed by leveraging its sparsity structure. Once Eq (39) has been solved, the stability of

steady-state solutions can be determined by the sign of l
max
i for all i 2 Inrxn, where l

max
i is the

maximum eigenvalue of Riðĉ
0; liÞ (see S3 and S4 Figs).

Concentration heterogeneity and reaction efficiency

So far, we restricted our analysis to electric-potential fields that could have been indued by

nonuniform distributions of inorganic ions of the primitive ocean (i.e., nonreactive species).

These nontrivial potential fields could have affected the operation and evolution of early meta-

bolic cycles. Many of the organic molecules, reducing agents, and energy sources participating

in these metabolic reactions would have been negatively charged, the transport of which would

have been altered by the background electric-potential field arising from the inorganic ions.

Therefore, the resulting concentration distribution of these reactive species would have been

heterogeneous, which in turn would have adversely affected the efficiency of early metabolic

reactions. In this section, we study this phenomenon by solving diffusion-reaction mass-bal-

ance equations for reactive species that are subject to a prescribed background electric-poten-

tial field in the cell.

Unlike nonreactive species, the steady-state fluxes of reactive species are generally nonzero.

Hence, the solution strategy that we previously discussed (see “Steayd-State Solutions”) for

nonreactive species is not applicable here. The concentration distribution of reactive species is

also not described by Eq (18). Therefore, we numerically construct the steady-state solutions

of Eqs (12) and (13) for reactive species. The goal is to quantify the extent to which reaction

efficiencies are affected by the background electric-potential field in the cell. In the following,

we first describe a quantitative measure of reaction efficiencies.

Suppose that B is a negatively charged reactive species and a substrate consumed by meta-

bolic reactions taking place in the cell, which is to be imported from the ocean into the cell (e.
g., reducing agents or energy sources). To maximize the rate of metabolic reactions, the con-

centration of B in the cell must be maintained at the highest possible level. A positive mem-

brane potential can enhance the transport rate of B from the ocean to the cell, increasing its

concentration at the inner surface of the membrane Cin
B , which could potentially enhance the

rates of metabolic reactions. However, the overall consumption rate of B in the entire volume

of the cell depends on its concentration distribution. A uniform distribution CBðrÞ ¼ Cin
B
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would ensure that B is maximally utilized by the metabolic reactions in the cell. However, uni-

form concentration distributions are generally not achievable due to local consumption of B
and the background electric-potential field. To quantify how concentration distributions can

affect the overall consumption rate of B, we study a macroscopic description of its reaction-dif-

fusion mass balance by examining the integral form of Eq (13). Integrating Eq (13) over the

volume of the cell for B and applying the divergence theorem result in

dhĈBi

dt̂
¼ � 3Ĵ B þ hr̂Bi; ð40Þ

where

hĈBi≔
1

V̂

Z

V̂
ĈBdV̂ ; ð41aÞ

hr̂Bi≔
1

V̂

Z

V̂
r̂BdV̂ ð41bÞ

with V̂ ≔V=R3
c ¼ 4p=3. We refer to hr̂Bi as the apparent production rate of B, which is a neg-

ative number here because B is consumed by metabolic reactions. The rate, at which the prod-

ucts of the reactions that B participates in are generated is proportional to � hr̂Bi. Clearly,

concentration distributions that maximize � hr̂Bi favor the progress of these metabolic reac-

tions. To quantify the extent to which concentration distributions can enhance the overall

rates of these metabolic reactions, we compare hr̂Bi for a given concentration distribution to

what it would be if B was uniformly distributed in the cell—the ideal distribution that maxi-

mizes its utilization. Accordingly, we define the following reaction efficiency for the consump-

tion of B

�B≔
hr̂BiĈBðr̂Þ

hr̂BiĈ in
B

: ð42Þ

The relationship between hrBi and hCBi for nonlinear rate laws is not straightforward. Hence,

we assume that B is consumed in the cell according to the first-order rate law rB = −kCB to sim-

plify the analysis. The apparent reaction rate from this rate law is also linear with respect to the

average concentration, that is hrBi = −khCBi. Accordingly, the reaction efficiency with respect

to this rate law is

�B ¼
hCBi

Cin
B

; ð43Þ

which we use as a measure of how much concentration heterogeneity can diminish or enhance

the rates of metabolic reactions consuming B. Note that 0< ϕB� 1 only when B is negatively

charged. However, when B is positively charged, ϕB can be greater than one.

Next, we compute the steady-state solutions of Eq (13) for B using finite-difference tech-

niques along the solution branches shown in Fig 2. These solution branches represent the

steady states of the electric-potential field induced by the inorganic ions of the ocean parame-

trized with the surface-charge density. We express the dimensionless reaction rate r̂B with

respect to the Thiele modulus ΛB and construct the concentration distribution of B in the cell

that arise from the first-order rate law rB = −kCB by solving

1

r̂2

d
dr̂

r̂2 dĈB

dr̂

� �

þ zB
dĈB

dr̂
dĉ
dr̂
þ

zB
r̂2

d
dr̂

r̂2 dĉ
dr̂

 !

� L
2

B

" #

ĈB ¼ 0 ð44Þ
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subject to

dĈB

dr̂
¼ 0 at r̂ ¼ 0; ð45aÞ

ĈB ¼ Ĉ in
B at r̂ ¼ 1; ð45bÞ

where

LB≔

ffiffiffiffiffiffiffi
R2

c k
DB

s

ð46Þ

is the Thiele modulus [59].

Once the concentration distribution of B has been determined, we compute the reaction

efficiency from Eq (43). As expected, the reaction efficiency for positively charged species is

higher than for negatively charged ones because these ions must diffuse through a negatively

charged medium to participate in metabolic reactions that occur in the cell (S5 Fig). Higher

surface-charge densities cause more negative ions to accumulate in the cell, amplifying this

effect. The reaction efficiency is always less than one for negatively charged species. However,

it can exceed one for positively charged species if the surface-charge density is large enough.

Note that, the background charge induced by the inorganic ions of the ocean is not the only

parameter affecting the reaction efficiency. The local consumption of reactants can also result

in heterogeneous concentration distributions, irrespective of the background charge. This

effect is more conspicuous in the limit σ! 0. Even though the entire volume of the cell is elec-

troneutral in this limit, the reaction efficiency can be less than one (S5 Fig). Note also that,

diminished reaction efficiencies as a result of local mass sinks is more pronounced at larger

Thiele moduli.

Electroneutrality and structural stability of protocells

Electroneutrality is often treated as a fundamental law governing the state of electrolyte sys-

tems [45]. It is also regarded as a fundamental constraint that biological systems are subject to

[31, 41]. As such, it is believed to underlie regulatory responses to several stress conditions [31,

40]. However, as discussed in the main text, violation of electroneutrality is essential for the

mechanism that we proposed to promote the evolution of early metabolic cycles in primitive

cells that lack lipid membranes and enzymes. To corroborate this mechanism, we examine the

possibility that electroneutrality was not a fundamental constraint at the earliest stages of evo-

lution. The goal is to understand whether electroneutrality could have resulted from the evolu-

tion of lipid membranes, specialized ion channels, and active transport systems selected for to

minimize catastrophic events due to osmotic crisis. From this perspective, electroneutrality is

an emergent property of evolving systems, self-optimizing towards a state of maximal struc-

tural stability through natural selection.

Here, we quantitatively examine the relationship between osmitic crisis and electroneutral-

ity through a simplified case study. We consider an electrolyte, comprising a cation M+ and an

anion X−. Our objective is to determine how the osmotic pressure arising from this system var-

ies with the charge density of the solution and assess if the minimum osmotic pressure is

attained when the solution is electroneutral. There are two main variables that determine the

osmotic coefficient of an electrolyte, namely the (molal) ionic strength Im and the total (molal)

concentration m of the solution [45]. The idea is to focus solely on the role of electroneutrality

and identify the (molal) charge density ξm that minimizes the osmotic coefficient φ at fixed Im
and m.
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The state of single electrolyte systems MX at fixed temperature and pressure is specified by

two variables, namely the molal concentrations mM and mX. Hence, specifying ξm, Im, and m
for a general single electrolyte system overdetermines its state. However, for a monovalent

electrolyte, such as the one we considered here, Im = m/2. Thus, if the ionic strength and total

concentration are fixed, the charge density can still vary freely without causing an inconsistent

degree of freedom. We begin by stating the virial expansion of the excess Gibbs energy of mix-

ing

Gex

nwRT
¼ f ðImÞ þ

X

ij

oijmimj þ
X

ijk

oijkmimjmk þ � � � ; ð47Þ

which is the basis of Pitzer’s model, where nw is the mass of water in kg [45]. The first term in

Eq (47) captures long-range electrostatic forces and the rest capture medium- and short-range

interactions among ions. To simplify the analysis, we omit the terms corresponding to interac-

tions among three or more ions as they are negligible in most cases [60]. Differentiating the

excess Gibbs energy with respect to nw yields the osmotic coefficient

φ � 1 ¼
Imdf =dIm � f

m
þ

1

m

X

ij

uijmimj þO
m3

i

m

� �

; ð48Þ

where

xm ≔ zMmM þ zXmX;

Im ≔ ðz2
MmM þ z2

XmXÞ=2;

uij ≔oij þ Imdoij=dIm:

To make the analysis more concrete, we consider a case, where the electrolyte MX is contained

in a protocell lying at the bottom of the primitive ocean, such as that shown in Fig 1. The

osmotic pressure differential across the cell membrane is derived from Eq (48)

DP

r̂wRT
¼ mþ Imdf =dIm � f þ

X

ij

uijmimj �
Pout

r̂wRT
; ð49Þ

where ΔP≔Pin −Pout is the osmotic pressure differential, Pin pressure in the cell,Pout pres-

sure in the ocean, and r̂w reduced water density (see [31] for definition and detailed discus-

sion). We assume that the thermodynamic state of the ocean is specified, so that the last term

in Eq (49) is a constant. In this equation, only the term corresponding to the second virial coef-

ficient of Eq (47) on the right-hand side depends on ξm. Therefore, it is the only variable term,

with respect to which ΔP is minimized. Accordingly, we seek ξm that minimizes

y≔
X

ij

uijmimj: ð50Þ

For the monovalent electrolyte MX, the concentration of ions can be expressed with respect to

m and ξm as

mM ¼
mþ xm

2
;

mX ¼
m � xm

2
:

ð51Þ
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Substituting Eq (51) in Eq (50) and nondimensionalizing the resulting terms yields

�y ¼ a2
�x2
m þ a1

�xm þ a0
ð52Þ

where

a0 ≔ �uMM þ 2�uMX þ �uXX; ð53aÞ

a1 ≔ 2ð�uMM � �uXXÞ; ð53bÞ

a2 ≔ �uMM � 2�uMX þ �uXX ð53cÞ

with �y≔ 4y=m, �uij≔ uijm, and �x≔ x=m.

Next, we leverage the properties of the coefficients ai in Eq (53) that can be deduced from

experimental observations. First, thermodynamic mixing properties are not significantly

affected by the diagonal second virial coefficients for most electrolyte systems, so that ωMM = 0

and ωXX = 0 [61], which in turn results in �uMM ¼ 0, �uXX ¼ 0, and a1 = 0. Second, a0 < 0 for a

wide range of dilute electrolytes (Im≲ 0:25 mol/kg-w) [45], from which it follows that a2 > 0.

One can deduce from these empirical properties and the functional form of �y in Eq (52) that �y

has a minimum, and it is attained at �xm ¼ 0.

Finally, we emphasize that the results presented in this section for a single monovalent

electrolyte cannot be regarded as a rigorous proof. Nevertheless, they support the hypothesis

that electroneutral systems are subject to minimal osmotic stress. More analyses are

required to generalize these results to mixed electrolytes with polyvalent ions. Given the role

of electrostatic forces in short- and medium-range ion-ion interactions, it may be plausible

to assume that the nonlinear proportional relationship between the osmotic pressure differ-

ential ΔP and absolute charge |ξm| is generalizable to more complex electrolyte systems.

However, whether the minimum osmotic pressure is always attained exactly at �xm ¼ 0,

regardless of the molecular characteristics of the ions involved, warrants further

investigations.

Surface charge of minerals

The mechanism we introduced in this paper to generate positive membrane potentials hinges

on porous membranes with positively charged surfaces. In this mechanism, the membrane

potential is larger if the surface-charge density on the inner surface is larger than on the outer

surface of the membrane. From our case studies, we found that Δψ* 100 mV can be achieved

in small protocells with radius Rc* 10−8 m for Δσ* 0.1 C/m2 (see S4 Fig), where Δσ≔ σin −
σout is the surface-charge-density differential across the membrane. In this section, we describe

a specific scenario based on experimental measurements of the surface-charge density for how

such positive surface charge could have been realized in primitive cells.

Solid surfaces, such as those of minerals, can adsorb or desorb ions (usually H+, OH−, or

other ions that may be present in the system) from or to water when exposed to an aqueous

phase. As a result, these surfaces may acquire a surface charge. When the temperature, pres-

sure, and ionic composition of the electrolyte that mineral surfaces are subject to are specified,

the surface-charge density is a function of pH. At fixed temperature and pressure, the func-

tional form of σ(pH) for each mineral depends on its constituents and the composition of the

electrolyte, which can typically be represented by a monotonically decreasing function, such as

those shown in S6 Fig [62]. However, non-monotonic σ(pH) have also been observed (for

example, see Fig 6 in [63]). Nevertheless, we only focus on minerals that exhibit a monotonic σ
(pH) in this section.
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The monotonicity of σ(pH) implies that |σ| attains its maximum in the alkaline and acidic

limits. Accordingly, surface-charge densities for most minerals are observed in the range σ
(pH = 1) < σ< σ(pH = 14). For example, surfaces charge densities in the range −0.4< σ< 0.4

C/m2 for synthetic and natural ferrous minerals, which are relevant to the conditions on the

primitive Earth [6, 64], have been reported [65, 66] with a similar σ(pH) to those shown in S6

Fig. This range generally agrees in order of magnitude with the stable ranges of σ that we ascer-

tained in our case studies (see S3 and S4 Figs).

Alkaline hydrothermal vents are considered to be one of the likely environments, in which

life could have originated [9, 67]. In these environments, CO2-rich acidic ocean water (pH�

5) could have interfaced with alkaline hydrothermal fluids (pH� 9), providing suitable condi-

tions for the first metabolic reactions to emerge [64]. Recent experimental evidence indicates

that such pH gradients could have provided sufficient energy to drive the thermodynamically

unfavorable carbon-fixation steps of early metabolism under prebiotic conditions [68]. Here,

we suggest that the pH gradient between hydrothermal fluids and the primitive ocean could

also have generated sufficiently large surface-charge-density differentials across protocell

membranes (Δσ* 0.1 C/m2).

To clarify the point raised above, consider a protocell, residing at an interface between a

hydrothermal vent and ocean (S6 Fig). Suppose that acidic and alkaline fluids flow into the

cell, neutralizing each other, such that pH� 7 in the cell. The neutral pH in primitive cells

would have been optimal for the emergence of surface metabolism at the origin of life [6]. The

difference between σin at pH = 7 and σout at pH = 9 may be large or small, depending on the

constituent minerals of the membrane. Mineral-I and Mineral-II in S6 Fig represent two hypo-

thetical minerals that could generate small and large Δσ, respectively. A key difference between

the functional form of σ(pH) for these minerals is in the point of zero charge (PZC) [62]. The

PCZ occurs at pH� 7.5 for Mineral-I. Thus, σin and σout are both small because of the small

slope of σ(pH) at the PCZ, so that Δσ� 0 C/m2. However, for Mineral-II, the PCZ occurs at

pH� 9.3. As a result, σin and σout are both positive with Δσ� 0.1 C/m2. Therefore, the scenario

we described in Fig 1B for generating positive membrane potentials could have been realized

for protocell membranes made of Mineral-II. Interestingly, experimental measurements of the

surface-charge density of mineral-water interfaces indicate that the functional from of σ(pH)

for several transition-metal sulfides (e.g., Ni3S2 and ZnS) is similar to that of Mineral-II in S6

Fig with the PZC in the alkaline range [63, 69].

Concentration enhancement by membrane potential

In the main text, we discussed how positive membrane potentials could have enhanced the

concentration of the organic intermediates of early metabolic cycles in protocells lacking lipid

membranes and enzymes. To quantify the extend, to which a positive membrane potential

could have elevated the concentration of a negatively charged reactive species B, we define

φB≔ hCBiDc=hCBi0; ð54Þ

where hCBiΔψ and hCBi0 denote the average concentration of B in the cell for the given Δψ and

when Δψ = 0, respectively. We use φB as a measure of concentration enhancement in our pro-

tocell model. We first determine hCBiΔψ from the steady-state solution of Eq (40)

� 3Ĵ B þ hr̂Bi ¼ 0; ð55Þ

assuming the first-order rate law rB = −kCB, as before. The membrane-potential-dependent
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flux Ĵ B is estimated [32]

Ĵ B ¼
WD̂B

d̂
zBDĉ

Ĉ in
B exp ðzBDĉÞ � Ĉout

B

exp ðzBDĉÞ � 1
: ð56Þ

Note that, this approximate expression is derived by assuming a linear potential field in a flat

membrane of thickness d. However, as we observed previously (see S2(A) Fig), solving Eq (19)

in the spherical membrane of the protocell model in Fig 1A does not generally furnish a linear

ψ(r). Nevertheless, the compact form of Eq (56) allows us to obtain an analytical expression for

hCBi. Substituting Cin
B ¼ hCBi=�B in Eq (56) furnishes

hCBi

Cout
B

¼
1

FEDL
þ

g

FM

� �� 1

ð57Þ

with

FEDL ≔
�B

exp ðzBDĉÞ
; ð58aÞ

FM ≔
zBDĉ

exp ðzBDĉÞ � 1
; ð58bÞ

g ≔
d̂L2

B

3W
: ð58cÞ

Eq (57) furnishes hCBi as a function of Δψ. Accordingly, hCBiΔψ≔ hCBi(Δψ) and hCBi0 ≔
hCBi(0) can be readily ascertained from Eq (57a) to determine φB. Note also that φB in Eq (58a)

is a function of Δψ and ΛB (see “Concentration Heterogeneity and Reaction Efficiency”).

We conclude this section by highlighting the physical interpretation of the two dimension-

less quantities FEDL and FM/γ. The first measures the relative strength of concentration hetero-

geneity (due to both local consumption of B and background electric-potential field)

diminishing hrBi by lowering φB and the membrane potential enhancing hrBi by increasing

−JB. The second also measures the relative strength of concentration heterogeneity (due to

local consumption of B) diminishing hrBi by increasing ΛB and the membrane potential

enhancing hrBi by increasing −JB. When Dĉ � 1, FEDL * FM, whereas FEDL� FM, when

Dĉ � 1. As a result, φB exhibits a transition from a log-linear regime when Dĉ � 1 to an

asymptotic regime when Dĉ � 1 (see Fig 5).

Supporting information

S1 Fig. Computational domains in the protocell model of life’s origins described in Fig 1

and the grid used to discretize the governing equations. The model comprises three compu-

tational domains, namely the cell, membrane, and ocean. Maxwell’s first law and species mass-

balance equations are solved in the cell and membrane to ascertain the electric-potential field

and concentration distributions. However, the surface potential on the outer surface of the

membrane, electric-potential field, and concentration distributions in the ocean are approxi-

mated by the Gouy-Chapman theory [52, Section 5.3].

(PDF)

S2 Fig. Steady-state solutions of species mass-balance and Maxwell’s first equations at Rc =

10−7 m, σ = 0.01 C/m2, and σr = 0.2. (A) Electric potential, (B) volume-charge density, (C)

concentration of cations and anions associated with salt-I, and (D) concentration of cations
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and anions associated with salt-II. Here, C1,i denotes the far-field concentration of ion i in the

ocean, arising from dissociation of the respect salt in water. Shaded areas indicate the position

of the membrane along the r-axis. The scale on the r-axis, where the ocean lies, is stretched by

a factor 20 to better show radial profiles.

(PDF)

S3 Fig. Stability along steady-state solution branches of Δψ parametrized with respect to

the surface-charge density σ at σr = 0.02. (A) Rc = 10−6 m and ϑ = 0.05, (B) Rc = 10−8 m and

ϑ = 0.05, (C) Rc = 10−6 m and ϑ = 0.1, and (D) Rc = 10−8 m and ϑ = 0.1. Colorbars indicate the

value of Csalt = C1/2 that corresponds to each curve in (A)–(D). The tortuosity coefficient ϑ
only affects stability without altering steady-state solutions. Solid and dashed lines represent

stable and unstable steady-state solutions, respectively.

(PDF)

S4 Fig. Stability limits along steady-state solution branches of S3 Fig in the positive

orthant. (A) surface-charge density, at which stability is lost. (B) Membrane potential, at

which stability is lost.

(PDF)

S5 Fig. Average concentration of the cation (dashed lines) and anion (solid lines)

arising from the dissociation of a monovalent salt inside the cell at Csalt = 0.1 M,

L
2

B ¼ 0; 10; 20; 30; 40; 50. (A) Rc = 10−6 m and (B) Rc = 10−8 m. Each Thiele modulus ΛB cor-

responds to a solid-dashed curve pair, increasing along the direction indicated by the arrows.

Red lines represent the nonreactive limit, where ΛB! 0.

(PDF)

S6 Fig. Typical surface-charge density of minerals measured as a function of pH using

potentiometric-conductometric titration experiments [62, Chapter 1]. A pH gradient

across the membrane of the protocell model shown in Fig 1 is assumed to cause a surface

charge-density differential between the inner and outer surfaces of the membrane. The proto-

cell resides near a hydrothermal vent at an interface between two fluids with pH� 9 and pH�

5. The fluids flow into the cell from the alkaline vent and acidic ocean. The acidic and alkaline

fluids neutralize into water, such that pH� 7 in the cell. Mineral-I and Mineral-II are two

hypothetical minerals that exhibit different functional forms for σ(pH). For the given pH gra-

dient between the hydrothermal vent and ocean, the surface-charge densities formed on the

inner and outer surfaces of a membrane made of Mineral-I are almost identical. However, a

large surface-charge-density differential can be generated across a membrane made of Min-

eral-II, such that σin and σout are both positive, similarly to the scenario described in the left

diagram of Fig 1B.

(PDF)

S1 File. Custom codes used to perform all the computations and generate the results and

figures in main text and supplementary information.

(ZIP)

S1 Table. Parameters used for all the case studies presented in the main text and supple-

mentary information.

(PDF)

S2 Table. Forth-order finite-difference schemes to approximate the first derivative of a

function f ðr̂Þ on the grid shown in S1 Fig. Expressions in the Scheme column are derivatives
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evaluated at r̂ j, where f 0j ≔ f 0ðr̂ jÞ. Note that Dr̂≔Dr̂ c when 1� j� Nc and Dr̂≔Dr̂m when

Nc + 1� j� N (see S1 Fig).

(PDF)

S3 Table. Forth-order finite-difference schemes to approximate the second derivative of a

function f ðr̂Þ on the grid shown in S1 Fig. Expressions in the Scheme column are derivatives

evaluated at r̂ j, where f 00j ≔ f 00ðr̂ jÞ. Note that Dr̂≔Dr̂ c when 1� j� Nc and Dr̂≔Dr̂m when

Nc + 1� j� N (see S1 Fig).

(PDF)
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